MEMS technology offers some unique product opportunities for optical networking applications. One of the critical factors that determine the commercial success of any optical MEMS components is the cost for packaging and optical fiber alignment. Small form factor MEMS components such as protection switches and variable optical attenuators require the integration of optical fibers and lenses with the MEMS silicon chip itself. This work uses a MEMS 2 × 2 optical switch as a test vehicle to demonstrate a fiber optic lens design, specifically engineered for use with the micromachined silicon chip, that enables the use of passive fiber optic lens alignment to significantly reduce component assembly cost.
Introduction
Packaging of MEMS devices continues to be one of the most significant challenges in commercializing MEMS technology [1, 2] . In the optical domain MEMS technology offers some unique market opportunities compared to traditional optical component manufacturing due to small MEMS chip size and lower device cost due to batch silicon wafer fabrication. Scalability is also a unique key feature of MEMS devices where 10 to 100 of individual MEMS mirrors are required on a single chip for device operation such as large network optical cross connects [3] .
A number of small form factor optical MEMS components such as variable optical attenuators, 1 × 2 and 2 × 2 optical switches require the integration of fiber optic lenses with a silicon MEMS chip. The use of conventional fiber optic lenses such as GRIN or ball lenses with MEMS devices consisting of micromachined grooves and mirrors is a significant challenge both in terms of assembly complexity and in trying to maintain low overall product cost [4] . This is due to the mismatch in dimensions of the lenses and miniature scale of the MEMS components. Recently, batch-fabricated microball lenses have been used to reduce the assembly complexity [5] ; however, the coupling efficiency (with an insertion loss of -1.1 dB) is relatively poor possibly due to the poor optical properties of the materials used to fabricate these lenses and/or due to the non-ideal shape of these lenses.
A major consideration for cost effective MEMS device manufacturing is the drive towards passive alignment, which can be accomplished with the correct choice of fiber optic system design. Active alignment of optical fibers and lens components is required because the optical and mechanical axes of the lenses are not co-linear. Therefore, most active alignment involves five degrees of freedom (x, y, pitch, yaw, and z). During the alignment, the real-time power monitoring of optical signals is used while fibers and lenses are aligned to each other (typically manually) until a peak in signal strength is observed at the output fiber. At that point the fibers are fixed in position using UV epoxy, soldering, or laser welding. This clearly is a very time consuming and expensive manufacturing approach. In passive alignment, however, optical fibers and lenses are placed in pre-determined positions in the silicon chip and immediately fixed in position-thereby reducing the assembly time and manual labor cost, all of which increases manufacturing throughput and reduces overall product cost. The dimensional mismatch between lenses and MEMS components increases the complexity of small MEMS devices not only because of packaging difficulties, but also because of the relatively large mode field diameter of laser beam associated with conventional lenses. To enable small mirror designs, collimating lens solutions with small mode field diameters are desirable. For MEMS designs using silicon V-grooves or micromachined channels to position the fiber, it is desirable to have a lensed fiber whose diameter does not exceed the diameter of the fiber. It is possible to accomplish this with a thermally expanded core (TEC) fiber. However, the TEC fiber needs to be angle polished at 8
• to obtain acceptable return loss and hence beam waist at the polished fiber surface, thus requiring ideally a curved mirror to focus the beam onto the output fiber. As shown in figure 1(a) , the collimating Corning OptiFocus TM lensed fiber provides a monolithic fiber with an integrated lens. The lens is a thermally formed plano-convex lens fused to a SMF-28 fiber, which can be designed to have diameters matched with dimensions of MEMS structures. Instead of using a curved mirror, it is possible to design a symmetrical optical system with OptiFocus TM lensed fibers, where a flat mirror can be used ( figure 1(b) ). It is easier to fabricate a flat mirror in MEMS than a curved one. Moreover, high coupling efficiency can be achieved because of the excellent optical properties of the materials and the well-controlled shape of the lenses. This paper discusses the use of OptiFocus TM lensed fibers, which have been designed for optical MEMS applications. The lens was designed so that its diameter is nearly the same as the diameter of the optical fiber allowing easy positioning of the lensed fiber in micromachined channels on the MEMS chip. A 2 × 2 MEMS optical switch was chosen as a test vehicle to evaluate the use of OptiFocus TM lenses with micromachined MEMS devices. Figure 2 shows the basic operation of an MEMS 2 × 2 optical switch which includes the use of an electrostatically actuated MEMS mirror to switch light between input and output fiber ports.
MEMS design and fabrication
A number of approaches have been discussed in the literature for MEMS mirror actuation including electrostatic [6] , electromagnetic [7] , and electrothermal [8] actuation and summarized in the review paper [9] . For our 2 × 2 optical MEMS switch test vehicle, electrostatic actuation was chosen [10, 11] due to the very low power consumption and fast switching capability of this technology. Figure 3 shows the SEM micrographs of the 2 × 2 optical switch silicon chip, which was designed and fabricated at GE Infrastructure Sensing, Fremont, CA. Figure 3 further points out the key components in the device, such as electrostatic actuator, micromirror, and the four microchannels for passive fiber alignment. Figure 4 shows the SEM micrograph of the MEMS chip once the OptiFocus TM lensed fibers have been inserted into the microchannels.
A detailed description of the silicon micromachining technology used to fabricate this device can be found elsewhere [12, 13] . A brief schematic description is shown in figure 5 . The micromachining process consists of bonding a silicon wafer with pre-etched cavities to a second wafer, annealing the wafers at high temperature to fuse the wafers together, also known as fusion bonding. The next step is to thin the second wafer to form a thin diaphragm over the pre-etched cavities and then using a deep reactive ion etch (DRIE) of silicon to release the electrostatic actuator structure and MEMS mirror. The final step is to coat the MEMS mirror with gold film by sputtering through a shadow mask. The actuator itself is an electrostatic comb-drive capable of moving the MEMS mirror 50 µm in a single stroke. It consists of four folded springs with four sets of static and moving comb fingers which provide the electrostatic force and suspension needed to move the slider connected to the MEMS mirror. Mechanical stops etched into the silicon chip limit the travel of the slider to 50 µm. The stroke of the actuator is fundamentally determined by the laser beam size at the location of the MEMS mirror, sufficient stroke is needed to capture as much of the Gaussian beam profile as possible. Numerical simulation of the actuator performance was performed using ANSYS/Multiphysics TM (Ansys Inc., Canonsburg, PA). This simulation tool can solve coupled field problems such as electrostatic forces acting on mechanical structures, and is also capable of performing contact analysis, for instance when the slider contacts the mechanical stops. Figure 6 shows a section of the ANSYS finite element model that was used for electrostatic simulation of the MEMS actuator.
In these simulations, a spring width of 4 µm, a comb finger width of 5 µm, and a comb finger gap of 13 µm were used. Figure 7 shows a graph of the stroke of the actuator as a function of applied dc voltage for both simulation and measurement, and demonstrates a good agreement between the two. Figure 8 shows the measurement of the frequency response of the electrostatic actuator and the theoretical curve for the mass-and-spring mechanical system (with damping mechanism). Based on the measurements, a resonance frequency of around 700 Hz and a Q-factor of around 3.0 could be obtained for the actuator. The measurements were performed on a stroboscopic interferometric measurement system from Etec Inc. (Peabody, MA). Typical measured optical switching ON time was less than 1 ms and switching OFF time was less than 2 ms with an actuation voltage of around 68 V.
Lensed fiber design and tolerancing
OptiFocus TM lensed fiber can be considered as a plano-convex lens fused to the end of the optical fiber. The model to calculate the lens geometry is an application of the Gaussian beam propagation model. It is not the authors' intent to derive the model here but to give the appropriate reference, the starting point and the approach used to derive the model.
Assuming that Fresnel approximation of the spherical wave is valid (i.e., (x 2 + y 2 ) 2 4z 3 λ) and the paraxial Helmholtz equation applies, the complex envelope of the Gaussian beam can be presented as [14] 
where A 1 is a constant, q(z) is the complex Gaussian beam parameter, k is the wave number (2π/λ), ρ is the radial distance from the center of the beam and z is the positional coordinate in the direction of propagation of the beam and i = √ (−1). The complex amplitude U(r) of the Gaussian beam is expressed as
where ω(z) is the beam radius at an axial distance z from the beam center, ω 0 is the beam radius at the waist, ζ(z) is the excess axial phase of the Gaussian beam. These equations can be applied to the case when the planoconvex lens with a thickness T having a spherical surface with a radius of curvature R c ( figure 1(a) ) that is fused to the end of the fiber. As the beam exits the fiber and travels along the lens with a refractive index, n, the beam radius ω 1 and the beam radius of curvature R before the lens surface can be calculated using
where ω 0 is the radius of the beam at the splice between the fiber and the lens, and z 0 is the Rayleigh range =nπω 2 0 λ . Knowing ω 1 and R 1 allows one to calculate q
The beam size and curvature after the refraction at the lens surface (with a radius of curvature R c ) can be calculated by using the ABCD law [14] A B C D
From the real component of q r one can obtain R r , the radius of curvature of the refracted beam and from the imaginary component q r one can obtain ω r , the radius of the beam waist after refraction
The distance to beam waist of the lens, DW, and radius of the beam at the waist ω f at z = f can be calculated to be
Using the above equations the lens can be designed to yield a beam with desired mode field diameter at the beam waist MFDw ( = 2ω f , defined as beam diameter measured at 13.5% of the maximum power) and distance to beam waist DW, as illustrated in figure 1(b) .
The plano-convex refractive lens is fusion spliced to an optical fiber using a proprietary process [15] . The surface quality of the lens is excellent with surface roughness of <λ/10 (measured by interferometry). The glass from which the lens is formed has a CTE closely matched to the optical fiber (within 0.5 ppm
). Thus the lens behavior over temperature is similar to that of the optical fiber. Because of the fusion splice between the lens and the fiber, OptiFocus TM lensed fiber is a monolithic collimator or focuser with a lens aligned to the fiber and has a single glass-air interface. There is only one surface that needs to be anti-reflection (AR) coated, compared to the standard collimator where there are three glass/air interfaces (fiber end face and two lens surfaces).
Optical properties of a plano-convex lens are defined by thickness of the lens, T, and radius of curvature, R c (equations (3)- (7)). By varying T and R c , lensed fibers with a wide range of MFDw and DW can be designed. For MEMS applications, it is desirable to keep the lens dimension smaller or equal to the fiber diameter. Presently, OptiFocus TM lensed fibers with R c up to 62 µm can be made with a lens diameter not exceeding 125 µm. Figure 1(a) presents an example of a lensed fiber whose lens diameter does not exceed the fiber diameter.
An OptiFocus TM lens OF18 with an MFDw of 18 ± 2 µm and DW of 150 ± 30 µm was chosen as an optimum candidate for small form factor MEMS applications. This choice was based on the following considerations: (1) the DW of 150 µm allows enough space for the mirror and micromachined channels (especially for the case when there is small incidence angle between the optical beam and the mirror); (2) the angular alignment tolerances for 18 µm MFDw are relatively relaxed, bringing up the possibility of passive alignment; (3) the lens diameter (124 + 0, −2 µm) is approximately equal to the fiber diameter; (4) the MFDw and DW tolerances fit well within manufacturing tolerances for R c (±3 µm) and T (±20 µm); (5) the return loss >50 dB is possible with AR coating.
The curvature of OptiFocus TM lens is spherical. Spherical and chromatic aberrations are negligible, giving only about 1/24 λ wavefront distortion for lens geometry with T = 187 µm and R c = 50 µm. The RL is 34 dB without AR coating and >50 dB with AR coating. The typical manufacturing geometric tolerances on lensed fiber are shown in figure 9 , while measured coupling efficiency data (active alignment) are shown in figure 10 . The calculated coupling efficiency using physical optics propagation software such as ASAP (Breault Research Organization, Tucson, AZ) for two perfectly matched fibers is 0.02 dB/pair. It can be seen that the actual measured losses are higher, averaging at 0.19 dB/pair (figure 10).
For packaging design it is important to understand the influence of misalignment on the fiber coupling. The offset tolerances were calculated using Gaussian beam overlap coefficients. The calculated and measured offset tolerances (excess loss) for a pair of lensed fibers with MFDw at the extreme ends of the distribution are shown in figure 11 . Because of the small MFD, the lensed fiber is sensitive to lateral offset. However, lateral offset can be controlled tightly (within ±1 µm) in MEMS devices, which gives an excess loss of 0.1-0.2 dB ( figure 11(b) ). The angular offset of 0.5
• produces an excess loss of 0.25 dB whereas 1
• results in 1 dB penalty ( figure 11(a) ). The pointing error (angular offset) referenced to optical fiber is mainly determined by the offset of center of curvature relative to fiber core. Typical pointing accuracy for this lensed fiber is <0.7
• , giving a maximum excess loss penalty of 0.3 dB. It is to be noted that although pointing error increases the insertion loss (IL), it reduces the return loss (RL). Figure 11 (c) shows the insensitivity to z-axis (a.k.a optical axis) positioning for OptiFocus TM lenses. This is also demonstrated in figure 12 , which shows a 3D image of a MEMS 2 × 2 optical switch with lensed fibers taken with a Wyko NT-1000 white light interferometer (Veeco Metrology Group, Tucson, AZ). Although there is an 87 µm difference in z-axis positions between the two pairs of lensed fibers (359 µm for pair 1-3 and 272 µm for pair 2-4), there is only a 0.09 dB difference in insertion loss. It is worth mentioning that this 0.09 dB also includes difference in insertion loss due to different lateral offsets (in both x and y), i.e., the difference in insertion loss due to z-axis positioning is even smaller. Here x-axis is defined as the axis on the MEMS chip surface that is vertical to z-axis and y-axis is defined as the axis that is vertical to the MEMS chip surface (as shown in figure 12 ). The excess loss due to mode field mismatch can be up to 0.23 dB when pairing the mode field extremes (16 µm and 20 µm). The chances of pairing two MFDw extremes were evaluated using Monte Carlo simulations. In the latter analysis, MFDw distribution for 822 lens samples ( figure 9 ) was used. Results of the Monte Carlo simulations (10 6 trials) show that the chances of that happening are very small ( figure 13) .
When packaging lensed fibers on a silicon chip, passive alignment is desirable as the degrees of freedom for alignment are limited to longitudinal (lens-to-lens separation along the z-axis) alignment and rotation of the lens. To estimate the insertion loss of OptiFocus TM lensed fibers under these conditions, the fibers were moved along the z-axis and rotated in a capillary to achieve peak power reading. The results for seven pairs show that IL is between 0.12 and 0.37 dB for AR coated lenses (table 1) . This shows that low IL can be achieved with passive alignment technique for OptiFocus TM lensed fibers.
Packaging process and results
All assembly procedures were carried out under the class 1000 clean hood to minimize the particulate contamination. A MEMS 2 × 2 optical switch chip was removed from the GelPak TM and visible dust particles on the chip can be cleaned off gently using an air gun. After the MEMS chip was probed to check its proper actuation and functionality, it was attached to a ceramic substrate using epoxy and wirebonded from the gold pads on the chip to the electroplated gold pads on the ceramic substrate. Then the chip (on the ceramic substrate) was positioned into the assembly jig and held in place temporarily using the Kapton TM tape. Following that, the assembly jig was placed into the assembly station and mounted in such a way that it provided the correct angular entrance for the fibers sliding into the microchannels on the MEMS chip.
After the OptiFocus TM lensed fibers were inspected for any defects, the ends with OptiFocus TM lenses were loaded into the assembly arms. The fibers were held down on the cladding region by the clamp, which allowed the fibers to bend a little during alignment. The fibers were then slided into the microchannels on the MEMS chip towards the center using the assembly arms. A 4 mm × 4 mm glass window (same size as the chip) was placed on top of the chip to make sure all the fibers were pressed firmly into the microchannels.
The fibers that inserted into the microchannels were adjusted passively by changing the lens-to-lens separation along the z-axis and rotating the lenses to obtain an IL of less than 0.5 dB on the PS3 PDL Multimeter (JDS Uniphase, San Jose, CA). The insertion loss was measured using the following method: out of one fiber pair, one fiber (the input Figure 13 . Monte Carlo simulation of excess loss due to mode field mismatch.
fiber) was connected to the laser output on one of the two loss meters on the PS3 PDL Multimeter and the other (the output fiber) was connected to the detector on the same loss meter. The return loss was also measured using a similar method by wrapping the output fiber around a pen. After the fibers were passively aligned, Dymax TM UV curable glue was applied into the microchannels and UV-cured using the ThorLabs TM UV source to immobilize the fibers. The data for IL and RL were recorded again to check whether there was any change before and after this step.
Finally, the MEMS chip (on the ceramic substrate) with aligned fibers was placed over the custom-made package (as shown in figure 14) . The ends of the fibers were brought out from the side through-holes on the package. Then the chip was slowly lowered down to the submount surface of the package while pulling the fibers through the side through-holes. A thin layer of epoxy was applied on the submount surface and the ceramic substrate was pressed to attach to the submount.
Following the above assembly steps, a dc voltage of about 68 V was applied to the chip to actuate the micromirror. The IL and RL for the cross state were measured on the PS3 PDL Multimeter. The switching speed was also measured using the following method: a laser diode was connected to the input fiber and the output fiber was connected to a ThorLabs detector. Then the optical switch was driven by a square wave generated using a function generator. The function generator was connected to one channel of a multi-channel oscilloscope and the Thorlabs TM detector was connected to another channel. The rise and fall times of the signal from the detector (switching ON/OFF) were obtained from the oscilloscope trace. Typical measured optical switching ON time was less than 1 ms and switching OFF time was less than 2 ms.
The preliminary results for OptiFocus TM lensed fibers packaged with a 2 × 2 MEMS optical switch show insertion and return losses of 0.61 and 59 dB in the bar state and 1.16 dB and 47 dB, respectively, in the cross state. The increase in IL in the cross state in this case was mainly due to surface roughness of the mirror, whereas the increase in RL in the cross state was mainly due to reflections from the MEMS mirror. Further reduction of insertion losses in both the bar and cross states requires further analysis to quantify the effects of chip fabrication (including MEMS mirror roughness) and alignment tolerances. The return losses could also be improved by the use of lensed fibers with an intentional pointing error.
Conclusions
Lensed fibers can significantly simplify the challenge of combining fiber optics with MEMS optical devices, thus enabling simpler and lower cost packaging. Lensed fiber design can be tailored to meet specific device requirements, and they can be manufactured with tight geometry tolerances. As demonstrated on an exemplary compact fiber optical MEMS component (in this case, a MEMS 2 × 2 optical switch), lensed fibers offer many advantages and cost savings compared to packaging with discrete lenses: (1) the expense and effort of aligning discrete lens component to an optical fiber can be eliminated; (2) lensed fibers do not have polished angled facets typically required at the termination of an optical fiber to reduce the back reflection; (3) lensed fibers have a single AR coated surface, compared to optical fibers with discrete lenses which have three AR coated surfaces; (4) lensed fibers can be passively aligned with only a small insertion loss and return loss penalty.
